The performance of the Hatch Cover Drive Assembly operated in space is quite important for aircrafts. However, it is hard to experimental studies in space. As an alternative, theoretical analysis and simulation are employed to predict their performances on the ground. Herein, a mathematical model of the drive assembly was first established and simulated in Matlab. The armature current and mechanical efficiency were analyzed with respect to the operating temperature and load torque. Furthermore, a test setup according to the model was built to verify the validity of the proposed mathematical model. As a result, the prediction results are consistent with the experimental results very well with a maximum error of 11.0% in the armature current and 11.6% in the mechanical efficiency. The mechanical efficiency achieves to be the maximum value in vacuum as the load torque of 3.5N·m. It has the best performance as working around the room temperature. The proposed model would be used to predict the performance of drive assembly working in space. Our findings would be helpful for the designing, manufacturing and selection of motors and reducers for spacecrafts usage in future.
I. INTRODUCTION
Motors and reducers are the key components of the drive assembly of spacecrafts, which drive the payloads and functional components for finishing the specified actions and motions in space [1] , [2] . Up to now, many kinds of motors and reducers are developed to fulfill the various missions, among them, the brushless DC motor driven by DC converter is widely used in aerospace due to its simple structure, reliable operation and long service life [3] , [4] . In addition, the DC motor can drive a large load combined with the harmonic reducer. This drive assembly shows many advantages of the large transmission ratio, small mass and volume, high transmission accuracy, and is quite suitable for application in spatial motion [5] , [7] .
However, the special environment in space would degenerate the performance of the drive assembly of DC motor and harmonic reducer, resulting in a lot of disasters. For instance, the coil resistance and magnetic destiny in the motor, and the grease viscosity in harmonic reducer, are changed heavily The associate editor coordinating the review of this manuscript and approving it for publication was Rosario Pecora . upon the alternating of high and low temperature. As a result, the coupling effect of these factors highly degenerates the output performance of the drive assembly.
Many studies have focused on these problems, but limited to DC motor or reducer or environment simulation technology [8] , [9] rather than the drive assembly. Some scholars have carried out in-depth research on parameters, rotational speed, calculation of back EMF coefficient, thermal analysis and circuit control of brushless DC motor [10] , [22] . Among them, SUN carried out high and low temperature tests on PMSM from an engineering perspective, and verified the approximate linear relationship between back EMF coefficient and temperature [19] . ZHANG established the formula for calculating the back EMF coefficient in the design of brushless DC torque motor [20] . Capponi et al revised the motor model, predicted and verified the back EMF and control current [21] . SUN proposed a design method of motor in high temperature environment [22] . Some scholars have also studied the influence of the influence of space harmonic transmission lubrication and vacuum grease on the performance of harmonic reducer [23] , [28] , in particular, K. Zhao studied the testing method of harmonic performance in high VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ and low temperature environment and conducted experiments [26] . LI et al carried out 601EF grease experimental study on the performance of harmonic gear transmission in vacuum thermal cycle environment [27] . K. Maniwa and S. Obara found that poor lubrication effect in vacuum environment is an important factor leading to the reduction of transmission efficiency of harmonic reducer [28] . Herein, the Hatch Cover driving assembly consisting of the brushless DC motor and harmonic reducer (XBS-32-80) is first set up. The corresponding mathematical model of the armature current and mechanical efficient is descried. Both parameters show a nonlinear relationship with respect to environment temperature. Furthermore, the experimental results show a good agreement to the values calculated from the mathematical models, suggesting a quite good prediction ability of our models. The influence of motor temperature rise on driving assembly is neglected in this study due to the short duration of operation. Figure 1 illustrates the scheme of our setup, from which the mathematical models of the drive assembly is established. In brief, the drive assembly contains the brushless DC motor, harmonic reducer, necessary supports and connection assembly (Figure 1) , which are arranged in the thermal vacuum tank. The loaded magnetic powder brakes, torque and speed sensors, drivers and controllers are arranged outside the thermal vacuum tank ( Figure 1 ). The magnetic fluid seal is used for the output shaft sealing. It worthy noted that the influence of the vacuum on the performance of the drive assembly is neglected. Only the temperature is our object. As a result, the procedure is depicted in Figure 2 .
II. RESEARCH METHOD
Generally, the drive assembly model contains two parts: the motor model and load model. The former mainly contains the terminal voltage, coil resistance, coil inductance, magnet remanence and back-EMF of brushless DC motor. The effect of temperature on the coil resistance, coil inductance, magnet remanence and back-EMF were especially identified. In the later, the transmission efficiency of the reducer and rotary resistance torque of other components were considered. The effect of temperature on the grease viscosity and rotary resistance torque were also introduced. The mechanical efficiency and power consumption would be predicated by building armature current model, rotary speed model and motor load torque. Herein the armature current model is equal to power consumption model considering that the terminal voltage is a constant. Therefore, we will only discuss the armature current model and the mechanical efficiency.
III. MODELING AND SIMULATION A. MODEL OF DRIVE ASSEMBLY
The mathematical model of drive assembly is carried out by modeling the brushless motor and drive load separately to describe the effect of temperature on the armature current. Table 1 and 2 lists the basic data of the brushless DC motor and harmonic reducer.
All the supporting bearings are the deep groove ball bearing, and lubricated by solid state. Permanent magnet material in the brushless DC motor is 2-17SmCo with good temperature stability [18] . The harmonic reducer is lubricated with 601EF vacuum grease with good viscosity and temperature performance [27] .
1) MODEL ESTABLISHMENT OF BRUSHLESS DC MOTOR
Assuming that the magnetic circuit of the brushless DC motor is unsaturated, the resistance of different windings is equal, and the power semiconductor devices in the inverters are the same. The voltage equation of star-connected brushless DC motor can be derived as follows:
where, u a , u b , u c are the three phases voltage i a , i b , i c are the three phases currents, e a , e b , e c are the three phases back electromotive forces (back-EMF), respectively. L, M are the self-inductance and mutual-inductance, r is the single winding resistance value.
According to the conservation of energy, the electromagnetic torque equation is obtained as follows:
The amplitude of the motor's back-EMF is determined by the motor rotating speed of n and the back-EMF coefficient of K e . Generally, K e is considered as a constant while the motor structure is determined. However, the variation of temperature in space will influence the air gap magnetic density, leading to the change of coefficient K e .
In consideration of the influence of the winding inductance on the armature current, a correction factor K a is introduced as [10], [11] :
where, P is the number of pole pairs in the motor, τ is the electromagnetic time constant. According to the Eq.(2-4), the function of armature current can be obtained.
According to the Eq.(1) and Eq.(3), the expression of motor rotate speed n(T ) can be obtained:
where, U is the effective value of the terminal voltage. Previous results [13] , [17] revealed an approximate linear relationship between the back EMF coefficient K e and the work temperature T within the operating temperature range of the drive assembly. Therefore, we defined K e (T ) as follow:
where, λ t and b are 0.006667 and 8.16667 given by manufacturer respectively. Finally, the armature current I and rotate speed n can be solved by substituting Eq. (7) to Eq. (5) and (6) . The relationship between the I , n and the environment temperature T and the electromagnetic torque T e . are set up.
2) MODEL OF DRIVE LOAD
According to the experimental system model, the load is driven by the electromagnetic torque (T e ) of the brushless DC motor. It contains the resistance torque given by two support bearings inside the motor (T n1 ) and (T n2 ), two supporting shaft bearings (T c ), the magnetic fluid seal (T m ), and constant torque for magnetic powder braking(T 0 ). Combining the deceleration ratio of harmonic reducer (i) with the transmission efficiency (η T ), the torque balance equation in steadystate rotation is derived:
Then, T e can be obtained:
Generally, the resistance torques T c , T n1 and T n2 vary with the motor speed and temperature, but the change can be reasonably neglected. Meanwhile the change of the magnetic fluid seal (T m ) has also been confirmed to be a small scope according to the measurement results at different temperatures.
It is well known that the transmission efficiency (η T ) is affected by temperature (T ), rotation speed (n) and load torque (T r ) [23] :
where, the load torque T r is:
According to original experimental data at 20 • C collected from the manufacturer, the fitting model of transmission efficiency F nt (n, T r , T = T con ) is obtained. Figure 3 depicts the relationship of load torque, input speed and transmission efficiency at room temperature. Figure 4 plots the transmission efficiency fitting model F T (T ) of harmonic reducer as a function of operating temperature while the load torque and rotation speed are constants.
To simplify the transmission efficiency model of each harmonic reducer, we assume that the temperature has the same effect on the efficiency at the arbitrary speed and torque. As a result, the model of transmission efficiency(η T ) was proposed as follows:
B. PREDICT AND ANALYSIS OF DRVIE ASSEMBLY
Based on the Eq. (6) and (12), the predict models of armature current and mechanical efficiency of drive assembly are written as follow:
Usually, the armature current (I ) and electromagnetic torque (T e ) are coupled, the solution has to be solved iteratively. Figure 5 shows the diagram of the solving process, which is realized in Matlab software. Figure 6 plots the I with respect to T as the setting torque of 1, 2 and 3 N·m respectively. All the curves show a concave shape with the lowest point at around 20 • C. The increasing I both at higher and lower temperature can be explained by two reasons. In the low temperature range, the increasing grease viscosity in the reducer is response to the sharply increasing of I . It has more power loss, which coincides with the efficiency curve of the reducer. While in the high temperature range, the magnetism weakening in the motor may increase the I , which means high current is required for the end-effector. Figure 7 plots the mechanical efficiency with respect to the load torque at the temperature of 75 • C, 20 • C and −45 • C, respectively.
For all the testing temperatures, the efficiency increases first and then decreases with the increase of load torque. The output torque decreases at the maximum efficiency of the drive assembly, when the temperature increases, and increases at the maximum efficiency of the drive assembly when the temperature decreases. The effect of the operating temperature on the efficiency of drive assembly is much higher in the low temperature range compared with that in the high temperature range. That means the reducer has greater influence on the performance of the drive assembly. Although the output torque of the drive assembly at the maximum efficiency at low temperature is larger than that at high temperature, the overall mechanical efficiency is lower. Therefore, it should be avoided to work at lower temperature.
IV. EXPERIMENTS
To reveal the temperature influence on the motor current and the mechanical efficiency of the drive assembly, a test system is built according to the model in Figure 1. Figure 8 shows a digital picture of setup, which includes the brushless DC motor, harmonic reducer, coupling, adapter shaft, supporting bearing, vacuum tank, magnetic powder brake, magnetic fluid seal, adapter shaft, temperature sensor, torque sensor and speed sensor. To simulate the space environment, the drive assembly was placed in a vacuum tank, where the temperature was controlled by the electric heating and liquid nitrogen flowing.
To achieve the normal working performance, the drive assembly was run in advance to ensure that the grease evenly diffuses into the contact parts of the rigid wheel and the flexible wheel tooth surface. The experimental data is accumulated in Table 3 . During the tests, the vacuum value, input voltage of motor and duty cycle were kept unchanged, each test was performed after keeping the target temperature for 2 hours at least and the results were the average of three experimental results.
V. EXPERIMENTAL RESULTS AND ANALYSIS
The armature current I were measured with respect to the torque (1, 2, 3N.m). The results and predictions were accumulated in Table 4 and plotted in Figure 9 .
In the mechanical efficiency experiments, the load torque was changed from 1 to 6N·m at three operating temperatures, while the armature current of the brushless DC motor and rotate speed were recorded. The mechanical efficiency were acquired through Eq. (14) . The measurement and prediction values were listed in Table 5 . The experimental and theoretical curves of mechanical efficiency varying with load torque were plotted in Figure 10 . Figure 9 and 10 show that the prediction results are consistent with the experiment results very well with a maximum error of 11.0% in the armature current and 11.6% in the mechanical efficiency. The maximum prediction error of the armature current occurs at the load torque of 1N·m, while it is 5N·m for the maximum prediction error of mechanical efficiency Meanwhile, the mechanical efficiency reaches its maximum value when the load torque is around 3.5N·m. Both in the high and low temperature range, the mechanical efficiency are lower than that in the normal temperature. Fur-VOLUME 7, 2019 thermore the mechanical efficiency decreased significantly at low temperature range.
The causes of prediction errors may be explained as follows:
1) The heating of motor during operating, results in a higher temperature in motor compared with that in the around environment. In addition, there is temperature gradient in the reducer. These facts make the setting parameters in the prediction model different from their actual values.
2) The transmission efficiency of the model of the harmonic reducer is a hypothesis according to the manufacture's experimental data at room temperature.
3) The resistance torques of T c , T n1 , T n2 and the magnetic fluid seal T m vary with the motor speed and temperature, but they were considered as constant in our model,.
VI. CONCLUSION
According to the mathematical model and experimental results, the following conclusions can be drawn:
1) The prediction results are consistent with the experiment results very well with a maximum error of 11.0% in the armature current and 11.6% in the mechanical efficiency. It would be used to predict the performance of drive assembly working in the airspace.
2) The proposed liner model of back EMF coefficient and the fitting model of transform efficiency of reducer based on manufacturer experiment data can still meet practical application, although some prediction errors exist.
3) When operating in the low temperature range, the frictional additional torque of harmonic reducer, which sharply increases with the viscosity of grease decreases rapidly, is the main factor affecting the armature current of the drive assembly. When operating in the high temperature range, the weakening of permanent magnet is the main factors affecting the armature current of the drive assembly.
4) The mechanical efficiency achieves to be the maximum in vacuum as the load torque of 3.5N·m. It has the best performance as working around the room temperature.
In summary, we proposed a mathematical model to predict the armature current and mechanical efficiency of the space drive assembly under the specified working conditions. Experimental results prove that the proposed model has a good prediction accuracy with a maximum error of 11.0% in the armature current and 11.6% in the mechanical efficiency. Our findings would be helpful for the designing, manufacturing and selection of motors and reducers for spacecrafts usage in future.
ACKNOWLEDGMENT
Thanks Beijing Satellite Manufacturing Factory for their help in the test process.
